INTRODUCTION
Knowledge of the three-dimensional (3D) structure of a protein is essential to understand how a protein performs its function. Analysis of individual structures can provide explanations for specific biochemical functions and mechanisms at the molecular level, while comparison of multiple structures can give insight into general phenomena such as protein evolution, folding and stability. Protein structures can be determined at high resolution by either experimental methods, such as X-ray crystallography and nuclear magnetic resonance (NMR), or computational analysis (i.e. using bioinformatics tools).
Protein structures derived from either experimental structure solutions or computational predictions are merely models that aim to give as good an explanation as possible for the collected data (1) . The quality, quantity and care of the data with which the model was built determine whether the available model is an accurate and meaningful representation of the protein molecule. It is well known that in X-ray crystallography and NMR, and especially in protein structure prediction (which is typically based on very sparse data), errors can be introduced at various stages of the model building process. There have been a number of serious errors documented in literature [reviews: (2, 3) ]. While inaccuracy at the level of stereochemistry does not necessarily make the protein model worthless, mistracing and frame shifts (misalignment of amino acids with respect to the true position in the fold) can seriously mislead the functional interpretation.
To avoid erroneous structural models, various methods have been developed for protein structure validation. One such method verifies the model's agreement with the original experimental data (or a subset which has not been used for model building). Another set of methods, the so-called knowledge-based methods, examine the geometry, stereochemistry and other structural properties of the model independently from the original data. This latter set of methods reports the extent to which the parameters of the analyzed structure fit within the range of values observed in previously solved highresolution structures. For optimum performance, several different methods should be used before the structural model can be regarded as validated and assumed error-free.
Knowledge-based methods for protein structure validation typically require the full-atom Protein Data Bank (PDB)-formatted file of protein structure as input, and present the output as a list of confidence values associated with each amino acid or each atom. Poorly modeled amino acids frequently *To whom correspondence should be addressed. Tel: +48 22 668 5384; Fax: +48 22 668 5288; Email: asia@genesilico.pl
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We have developed a simple program available as a World Wide Web server, COLORADO3D, which greatly facilitates the visualization of various features directly at the protein structure level with the aid of commonly used viewers such as RASMOL (http://www.umass.edu/microbio/rasmol/) (4) or SWISSPDBVIEWER (http://www.expasy.org/spdbv/ mainpage.htm) (5) . A very useful feature of COLORADO3D is its ability to visualize, in color, potential errors in protein structures (derived from either experimental analysis or modeling), regions buried in the protein core and inaccessible to the solvent, and regions of high sequence conservation.
METHODS
The COLORADO3D server is freely available for academic users who sign the license agreement at the URL http:// asia.genesilico.pl/colorado3d/. Some of the third-party components (including PROSAII and VERIFY3D) may be unavailable for commercial users, who are nevertheless welcome to contact us to obtain a separate, but limited, license or to obtain a stand-alone version of the program without the thirdparty components.
As input COLORADO3D takes a single protein structure PDB file, and as output it returns a PDB-formatted file to the user by email. In the returned PDB-formatted file, the original temperature factor (B-factor) value for each amino acid is replaced by a derivative of a score calculated by one of the methods used by COLORADO3D for protein structure analysis. Henceforth, the artificial temperature factor value in the output file will be referred to as the 'T-factor'. All T-factors are linearly scaled to a range between 00.00 and 99.99, which corresponds to the color spectrum from blue to red when visualized with macromolecular structure viewers such as RASMOL, CHIME and SPDBV. By default, residues with high scores (good structure, highly conserved, deeply buried) will be colored in blue (low T-factor) and residues with low scores (poor structure, variable, exposed) will be colored in red (high T-factor). The intermediate values will range from green to yellow to orange.
COLORADO3D allows users to choose from three types of analyses: structure validation, residue depth and sequence conservation.
Structure validation
COLORADO3D carries out protein structure validations using third-party programs: VERIFY3D (6), PROSAII (7), ANOLEA (8) and PROVE (9) . VERIFY3D, PROSAII and ANOLEA are based on the inverse folding approach and evaluate the environment of each residue in a model with respect to the expected environment as found in the high resolution Xray structures. VERIFY3D operates on the 3D-1D profile of a protein structure proposed by Eisenberg and co-workers (6), which includes the statistical preferences for the following criteria: (i) the area of the residue that is buried; (ii) the fraction of side-chain area that is covered by polar atoms (oxygen and nitrogen); (iii) the local secondary structure. For structures determined by X-ray crystallography, the default option in VERIFY3D is to assess the compatibility of each amino acid residue with the local 3D structure by averaging the 3D-1D score in a window of 21 residues. For protein models, however, we found that the best results are obtained when a shorter window range of 5-11 residues is used. Similarity to VERIFY3D, PROSAII relies on the empirical energy potentials derived from the pairwise interactions observed in welldefined protein structures. This program is, however, more stringent than VERIFY3D. Regions with small structural errors (such as imperfect pairing of hydrogen bonds in the neighboring beta-strands or poor geometry not allowing for proper salt bridge formation) are often acceptable to VERI-FY3D (colored green to light blue by COLORADO3D), while PROSAII tends to pin these regions down (colored red by COLORADO3D) (our unpublished observations). Scores reported by ANOLEA combine a pairwise distance-dependent non-local energy term with an accessible surface energy term. It is reported that ANOLEA can identify bona fide errors in models which have been validated as essentially error-free by VERIFY3D and PROSAII (8) . Last, COLORADO3D colors the protein structure according to the stereochemical criterion implemented in PROVE, namely the regularity (or irregularity) of the atom volume (9) .
The user can submit a single PDB file to be 'colored' by T-factors or a file with multiple structures (for instance a 'project' file with superimposed structures exported from SWISSPDBVIEWER). All individual structures will be validated and colored separately. As already mentioned, this analysis allows for the identification of regions of dubious or unusual structure that may not necessarily be adjacent at the amino acid sequence level, but that are adjacent at the 3D structure level. Comparison of different structures, such as alternative models of the same protein, can greatly facilitate the choice of optimal fragments or versions and, hence, can greatly facilitate the refinement of protein structures. During the last Critical Assessment of Techniques for Protein Structure Prediction (CASP5) experiment, COLORADO3D was used to identify the best potential homology model among a large number of alternative structures as well as to construct hybrid models (by removing 'red' regions and merging 'blue' ones). With the aid of COLORADO3D we were able to construct very good models, which placed us among the 'winners' of the Comparative Modeling category (10) . An example of the application of COLORADO3D to identify and remove errors in a homology model is shown in Figure 1 .
In addition to submitting a PDB file, users can also optionally include a multiple alignment of homologous sequences, starting with the query sequence. In this case, additional structural models will be generated based on the backbone of the query, with amino acid substitutions modeled by SCWRL (11) according to the equivalencies of residues obtained from the multiple sequence alignment. The selected program (VERI-FY3D, PROSAII, ANOLEA or PROVE) will then validate both the query and all the models and return only the query structure, 'colored' according to the average score of all homologous residues for every column in the alignment file. This analysis allows for the verification of the multiple sequence alignment with the structural requirements of the protein fold (and correction of errors in the alignment, if necessary).
Residue depth
The accessible surface area is a parameter widely used in the analysis of protein structure and stability. However, it does not distinguish between atoms immediately below the protein surface and atoms in the core of the protein. COLORADO3D differentiates between such buried residues by utilizing a method developed by Chakravarty (12) . The method can be simply described as an estimation of the burial of the hydrophobic surface area. The residue depth parameter is believed to correlate better than accessibility with the effects of mutations on protein stability and on protein-protein interactions. In COLORA-DO3D, the depth of an atom in a protein corresponds to its distance from the nearest surface water molecule. The depth of a residue is the average of the constituent atom depths.
Sequence conservation
In addition to the visualization of calculated protein structure features, COLORADO3D also allows users to take advantage of structural information to analyze the sequence information in a 3D context. To color the protein structure according to the degree of sequence conservation, the user must submit a single PDB-formatted structure (a template) and a multiple sequence alignment starting with the template sequence. For each column of the alignment, the amino acid percentage identity (i.e. frequency of occurrence of the highest represented amino acid) is taken as a crude measure of the sequence conservation and this percentage is converted into T-factors (linearly scaled between 00.00, for 100% identity, and 99.99, for < 20%).
Using COLORADO3D to color the structure by sequence conservation can greatly facilitate the identification of conserved patches on the protein surface, which may correspond to functionally important sites (such as catalytic centers in enzymes). This analysis is highly complementary to the aforementioned procedure of coloring the structure based on the alignment, but using the average structural score instead of sequence similarity. The two analyses can be used interchangeably to refine the sequence alignment and to thread the sequence along the polypeptide chain. A good example of such a situation is the process of fitting an amino acid sequence into the electron density at the early stages of protein structure determination, when the amino acid identities are still uncertain.
SUMMARY
The COLORADO3D server is a simple, yet useful online tool that allows for the visualization of the results of different protein structure analyses. One big advantage of COLORADO3D over other servers for protein structure 'coloring' is that it provides the user with an output file in PDB format, which can then be reopened and displayed in various orientations and different rendering modes in any molecular structure viewer. During CASP5, we used COLORADO3D to color many alternative structures for each protein according to the result of structure evaluation with VERIFY3D, and in many cases we were able to identify correctly folded parts in imperfect preliminary models. We hope that the present version, enhanced with additional tools, will be even more useful for structural biologists, experimentalists and homology modelers alike. Right panel: the model has been corrected (amino acids of one helix were shifted along the polypeptide by one residue, thereby increasing one loop and shortening the other, and changing the interactions of the side-chains with the rest of the protein), leading to the improvement of scores for the suspicious region. The latter model turned out to be indeed correct.
